Defective germline reprogramming in Piwil4 (Miwi2)-and Dnmt3l-deficient mice results in the failure to reestablish transposon silencing, meiotic arrest and progressive loss of spermatogonia. Here we sought to understand the molecular basis for this spermatogonial dysfunction. Through a combination of imaging, conditional genetics and transcriptome analysis, we demonstrate that germ cell elimination in the respective mutants arises as a result of defective de novo genome methylation during reprogramming rather than because of a function for the respective factors within spermatogonia. In both Miwi2 −/− and Dnmt3l −/− spermatogonia, the intracisternal-A particle (IAP) family of endogenous retroviruses is derepressed, but, in contrast to meiotic cells, DNA damage is not observed. Instead, we find that unmethylated IAP promoters rewire the spermatogonial transcriptome by driving expression of neighboring genes. Finally, spermatogonial numbers, proliferation and differentiation are altered in Miwi2 −/− and Dnmt3l −/− mice. In summary, defective reprogramming deregulates the spermatogonial transcriptome and may underlie spermatogonial dysfunction.
I n mammals, the germline is an acquired lineage derived from the proximal layer of the epiblast at the time of gastrulation 1-6 . This acquisition from the soma presents the germline with a major challenge-the necessity to undergo genome reprogramming to reset genomic DNA methylation patterns that underpin genomic imprinting and transposon silencing [7] [8] [9] [10] [11] [12] [13] . Genome demethylation in the mouse initiates at approximately embryonic day (E) 9.0 as primordial germ cells (PGCs) migrate to genital ridges and is complete at approximately E13.5 9, 14 . However, some IAP copies and young transposons, as well as a few genes, escape full demethylation 12, [14] [15] [16] .
The key executor of de novo DNA methylation is DNMT3L, which recruits and stimulates the DNMT3s-de novo DNA methyltransferases [17] [18] [19] [20] [21] [22] [23] [24] . The first wave of de novo methylation is rather indiscriminate, leading to bulk methylation of CpG islands and transposons 13 . Many IAP and LINE1 copies escape this round of methylation and become expressed, threatening the genomic integrity of the germline through transposition 13 . The PIWI proteins and their associated small noncoding PIWI-interacting RNAs (piRNAs) neutralize this threat by simultaneously destroying cytoplasmic transposon mRNAs and generating secondary antisense transposon-derived piRNAs that act to guide the nuclear PIWI protein MIWI2 (PIWIL4) to instruct methylation by an unknown mechanism [25] [26] [27] . The process of de novo DNA methylation is more or less complete at ~E18.5 16, 28, 29 , even though the methylation of a few loci is finished only shortly after birth, just prior to gonocyte reentry into the cell cycle and developmental transition to spermatogonia 30 .
The failure of male germline reprogramming in Dnmt3l-or Miwi2-deficient mice results in sterility due to meiotic arrest in pachytene that originates from deregulated LINE1 and IAP elements and the ensuing DNA damage 22, 27, 31, 32 . Loss of Dnmt3l or Miwi2 also results in progressive loss of germ cells in the adult testis 27, 32, 33 . For Miwi2-deficient mice, the germ cell depletion has been shown to be a germ cell-autonomous phenotype 32 . Thus, loss of either Dnmt3l or Miwi2 affects spermatogonia, the stem and mitotic cells of spermatogenesis. Whether the spermatogonial phenotype arises owing to defective reprogramming or a direct function for either protein in spermatogonia remains unknown. There are conflicting data about Dnmt3l expression in the adult testes; however, most reports suggest that Dnmt3l transcript and protein are unlikely to be expressed in adult mouse testis 22, [34] [35] [36] [37] [38] . A lack of Miwi2 expression was also reported for adult testis 25 ; however, recently, the Miwi2 promoter has been shown to be active in a subset of undifferentiated adult spermatogonia, although whether MIWI2 protein is expressed remains unknown 39 . These Miwi2-expressing spermatogonia are transit-amplifying cells during homeostatic spermatogenesis but also merit a population of facultative stem cells that are critical for injury-induced regenerative spermatogenesis 39 . Here we sought to understand the mechanism by which MIWI2 and DNMT3L contribute to the maintenance of spermatogonia and spermatogenesis.
Results
MIWI2 but not DNMT3L is expressed in undifferentiated spermatogonia. Loss of spermatogonia in Miwi2 −/− and Dnmt3l −/− mice could imply that defective germline reprogramming in the respective mutants disrupts spermatogonial function. Alternatively, MIWI2 and DNMT3L could be directly expressed in spermatogonia and underpin critical cellular functions within these cells. To understand the expression of MIWI2 protein in the adult testis, we used the Miwi2 HA allele that encodes a fully functional epitope-tagged HA-MIWI2 protein 40 . HA-MIWI2 was detected at the basal compartment of the seminiferous tubule in cells with spermatogonial morphology (Fig. 1a ). We next co-stained Miwi2 HA/+ seminiferous tubules for PLZF and c-Kit, markers of undifferentiated and differentiating spermatogonia 41, 42 , respectively (Fig. 1a ), and found that HA-MIWI2-expressing cells were positive for PLZF and negative for c-Kit. To elucidate expression of DNMT3L in adult testis, we generated a Dnmt3l V5 allele that encodes an N-terminally epitope-tagged V5-DNMT3L protein ( Supplementary Fig. 1a,b ). Introduction of the V5 epitope tag did not affect the function of DNMT3L protein, as mice homozygous for the Dnmt3l V5 allele manifested normal spermatogenesis and were fertile ( Supplementary Fig. 1c,d ). While V5-DNMT3L could be readily detected in E16.5 fetal gonocytes ( Supplementary Fig. 1e ), it was not detected in spermatogonia or any other cell type of the adult testis ( Fig. 1b) . Additionally, the Dnmt3l transcript was very weakly expressed in juvenile undifferentiated spermatogonia ( Supplementary Fig. 1f ). In summary, MIWI2 but not DNMT3L protein is expressed in a subset of undifferentiated PLZF-positive spermatogonia.
MIWI2 function within adult spermatogonia is not required for spermatogenic homeostasis or regeneration. The fact that MIWI2 protein is expressed in a population of undifferentiated spermatogonia could indicate a possible direct molecular role for MIWI2 in these cells. To address this possibility and circumvent MIWI2's critical role in germline reprogramming, conditional genetics must be employed. Miwi2 has previously been conditionally ablated using Stra8-Cre, which results in deletion in differentiating spermatogonia without any consequences to homeostatic mouse spermatogenesis 43 . However, Stra8-Cre mediates gene deletion in differentiating spermatogonia just prior to or upon entry into meiosis [44] [45] [46] -that is, after attenuation of MIWI2 expression in the adult testis. We therefore used inducible conditional genetics to delete Miwi2 in adult mice. To this end, we combined our Miwi2 fl27 , Miwi2 tdTom39 and tamoxifen-inducible Rosa26 ERT-Cre47 alleles to generate experimental Miwi2 tdTom/fl ; Rosa26 ERT-Cre/+ and control Miwi2 tdTom/+ ; Rosa26 ERT-Cre/+ mice. The Miwi2 tdTom allele is a transcriptional reporter and a null allele of Miwi2, where the coding sequence of tdTomato followed by a poly(A) sequence has been inserted into the starting codon of Miwi2 39 . Administration of tamoxifen to Miwi2 tdTom/fl ; Rosa26 ERT-Cre/+ and Miwi2 tdTom/+ ; Rosa26 ERT-Cre/+ mice converts the Miwi2 fl allele to a Miwi2allele, generating induced Miwi2-mutant (Miwi2 iKO ) and control (Miwi2 CTL ) mice, respectively. The presence of the Miwi2 tdTom allele within the experimental design enables isolation of Miwi2 iKO and Miwi2 CTL undifferentiated spermatogonia. Miwi2-tdTomatoexpressing FACS-isolated spermatogonia from Miwi2 iKO mice were shown to undergo complete deletion of the Miwi2 fl allele, as determined by genotyping and RT-qPCR ( Supplementary Fig. 2a,b) .
The acute deletion, analyzed 14 d after the last tamoxifen injection ( Supplementary Fig. 2c ), did not impact testicular weight, spermatogenesis, or the frequency or gene expression of adult undifferentiated Miwi2-tdTomato-positive spermatogonia ( Fig. 2a-d ). We next sought to understand the long-term impact of Miwi2 deletion on spermatogenesis in an aged cohort of Miwi2 iKO and Miwi2 CTL mice. The induced ablation did not impact spermatogenesis up to 1 year after deletion ( Fig. 2e-g and Supplementary Fig. 2d ), a time point where all germ cells are absent in conventional Miwi2 −/− mice 27, 32 .
The population of Miwi2-expressing spermatogonia is facultative stem cells and is required for the efficient regenerative capacity of the testis upon injury 39 . Therefore, we sought to determine whether MIWI2 might function in regenerative spermatogenesis. To do so, Miwi2 iKO and Miwi2 CTL mice were treated with busulfan, a DNA-alkylating agent, at a dose that kills many spermatogonial cells and induces tissue damage and subsequent tissue repair 48 . Induced loss of MIWI2 did not impact testicular regeneration upon busulfan-mediated damage ( Fig. 2h -j and Supplementary Fig. 2e ). In conclusion, MIWI2 function is not required in adult spermatogonia for homeostatic or regenerative spermatogenesis.
Defective reprogramming affects undifferentiated spermatogonia numbers, proliferation and differentiation in Miwi2 −/− and Dnmt3l −/− mice. The fact that MIWI2 is not required for adult spermatogonial function and DNMT3L is not detected in spermatogonial populations indicates that the phenotype of progressive loss of germ cells in the respective mutants originates from defective reprogramming during fetal gonocyte development. We next sought to understand the impact of defective reprogramming on adult spermatogonial populations in Miwi2 −/− and Dnmt3l −/− mice ( Supplementary Fig. 3 ). First, reduced testicular cellularity was observed in 8-week-old reprogramming mutants ( Fig. 3a) , which arose from the meiotic arrest phenotype in both mutants. Undifferentiated spermatogonial populations can be identified by a CD45 -CD51c-Kit -CD9 + cell-surface expression pattern by FACS; this population contains Gfra1-and Miwi2-expressing cells ( Supplementary Fig. 4 ) that include the stem, facultative stem and early transit-amplifying spermatogonial population 39, [49] [50] [51] . Using this cell-surface CD45 -CD51c-Kit -CD9 + staining (Supplementary Fig. 5a ), a relative increase in the frequency of undifferentiated spermatogonia was observed; however, with reduced testicular cellularity, there was a reduction in the absolute numbers of undifferentiated spermatogonia in both Miwi2 −/− and Dnmt3l −/− adult mice (Fig. 3b,c ). Next, we analyzed the Miwi2-expressing (CD45 -CD51c-Kit -Miwi2-tdTomato hi ; Supplementary Fig. 5a ) undifferentiated spermatogonia population; Miwi2 −/− mice tended to have slightly lower cell numbers in this population, whereas mice with Dnmt3l deficiency presented with even lower numbers of these cells as compared to control mice ( Fig. 3d,e ). Expression of Miwi2-tdTomato in CD45 -CD51c-Kit + cells ( Supplementary Fig. 5a ) identifies a nascent population of differentiating spermatogonia 39 . Interestingly, the absolute number of these differentiating spermatogonia was reduced in Miwi2 −/− mice and severely depleted in Dnmt3l −/− adult mouse testes ( Fig. 3d,f ). In summary, Dnmt3l deficiency has a greater impact on spermatogonia than loss of Miwi2. Finally, we analyzed the cell cycle parameters of Miwi2-expressing undifferentiated spermatogonia ( Supplementary Fig. 5b ) and found that both Miwi2 −/− and Dnmt3l −/− mice showed increased fractions of proliferating cells within this population ( Fig. 3g,h) . Together, these results indicate that defective reprogramming affects undifferentiated spermatogonia cell numbers, proliferation and likely differentiation in Miwi2 −/− and Dnmt3l −/− adult mice.
Selective IAP derepression without DNA damage in Miwi2 −/−
and Dnmt3l −/− spermatogonia. Given that aberrant genome methylation and transposon derepression are common to both reprogramming mutants, we aimed to understand which elements were derepressed in Miwi2 −/− and Dnmt3l −/− spermatogonia. To this end, we isolated CD45 -CD51c-Kit -Miwi2-tdTomato hi CD9 + undifferentiated spermatogonia by FACS from wild-type, Miwi2 −/− and Dnmt3l −/− juvenile postnatal day (P) 14 mice ( Supplementary  Fig. 5a ) and subjected the respective isolated RNA in biological triplicate to strand-specific RNA-seq. We selected P14 for two reasons: first, spermatogenic arrest is not present at P14, as the pachytene stage of meiosis has not been reached, and consequent confounding effects are minimized. At this age, loss of Miwi2 and Dnmt3l does not alter overall undifferentiated spermatogonial cell numbers but does modestly impact the number of Miwi2-tdTomato-expressing undifferentiated and differentiating spermatogonia ( Supplementary Fig. 6 ). Second, purer populations of spermatogonia can be isolated from P14 testis than from adult mice, especially when mice with one of the genotypes present with spermatogenic arrest. Strikingly, predominantly IAP family members were deregulated in both the Miwi2 −/− and Dnmt3l −/− spermatogonial transcriptomes (Fig. 4a ). In fact, the deregulation of transposable elements (TEs) was almost identical in the respective mutant spermatogonia (Fig. 4b) . These results were confirmed by immunofluorescence staining of wild-type, Miwi2 −/− and Dnmt3l −/− testicular cross-sections with antibody against PLZF to identify undifferentiated spermatogonia in combination with antibody against LINE1 ORF1p protein or IAP GAG protein. LINE1 ORF1p protein was not detected in any of the genotypes, whereas IAP GAG protein was expressed in both Miwi2 −/− and Dnmt3l −/− spermatogonia (Fig. 4c,d) . Thus, deregulation of IAP and its potential transposition may underlie the progressive loss of spermatogonia in the reprogramming mutants. DNA damage is often used as a surrogate for transposition events 32, 52 ; however, we did not find evidence of DNA damage in spermatogonia for any of the genotypes (Fig. 4c,d) . In summary, deficiency of Miwi2 and Dnmt3l results in nearly identical activation of the IAP family of endogenous retroviruses (ERVs) without induction of DNA damage.
IAPs deregulate the Miwi2 −/− and Dnmt3l −/− spermatogonial transcriptomes. We next analyzed the expression of Ensemblannotated genes in our spermatogonial RNA-seq datasets. Deregulated gene expression was observed in both the Miwi2 −/− and Dnmt3l −/− transcriptomes ( Fig. 5a and Supplementary Dataset 1) . However, the magnitude of the gene expression changes was distinct in the Miwi2 −/− and Dnmt3l −/− transcriptomes (Fig. 5a ). Deregulation of gene expression was more severe in the Dnmt3l −/− spermatogonial transcriptome (Fig. 5b) , but the majority of upregulated genes in Miwi2 −/− cells were also overexpressed in Dnmt3l −/− spermatogonia (Fig. 5c ). Given that both factors regulate transposon silencing, we sought to understand whether transposon Miwi2 derepression could underlie this deregulated gene expression.
With the manageable number of 132 upregulated genes, we manually inspected whether the upregulated transcripts in the respective mutants were associated with the presence of a nearby TE. We found that a transposon acted as a promoter for the transcripts of 78% (35 genes) and 44% (56 genes) of the upregulated genes in the Miwi2 −/− and Dnmt3l −/− spermatogonial transcriptomes, respectively (Fig. 5d ). For the 40 genes that were upregulated in both mutants, 78% TE association was observed (Fig. 5d ). Within the TE-associated genes, we examined the identity of the transposon that was associated with the upregulated gene. IAPs dominated these associations, where approximately 90% and 75% of upregulated genes in Miwi2 −/− and Dnmt3l −/− spermatogonia, respectively, were driven by an IAP element ( Fig. 5e and Supplementary  Dataset 1) . Other ERV-associations were less frequent, with LINE1 elements making up a very minor to negligible proportion of the associations (Fig. 5e ). Overall, we could define three classes of transcripts originating from IAPs (Fig. 5f) . In class I, the IAP was present in an intron and the TE partially overlapped with a single exon of the host gene. Class II was defined by an intronic IAP that drove expression of the exons 3′ of the insertion, such that a 5′ -truncated chimeric transcript would be created. Class III was characterized by an upstream IAP initiating transcription before the first exon of the gene, generating a chimeric transcript corresponding to the IAP and full-length gene (Fig. 5f ). Among the TE-associated upregulated genes in Dnmt3l −/− spermatogonia, the three classes were roughly equally represented, whereas a different split was observed in Miwi2 −/− spermatogonia, with ~46%, 29% and 26% encompassing class I to class III transcripts, respectively (Fig. 5g ). Representative loci for each of the classes and validation of the transcripts by RT-PCR are presented in Fig. 5f . In summary, IAP elements greatly underlie the deregulated expression in the Miwi2 −/− and Dnmt3l −/− spermatogonial transcriptomes.
Association of weakly expressed de novo-identified transcripts
with IAPs in Miwi2 −/− and Dnmt3l −/− spermatogonial transcriptomes. Having examined annotated genes, we next sought to understand whether defective reprogramming resulted in the generation of new transcripts within the spermatogonial transcriptomes. We reanalyzed the RNA-seq data, now by de novo transcriptome assembly 53 rather than mapping and quantifying reads to defined transcripts. The resulting datasets were filtered to include only transcripts greater than 200 bp in length. In this analysis, we found several hundred new transcripts that were mostly upregulated in the respective mutants. The majority of the differentially expressed transcripts were expressed at very low levels ( Fig. 6a and Supplementary Dataset 3) . Interestingly, loss of Miwi2 and Dnmt3l resulted in very similar deregulation of these new transcripts within the respective transcriptomes (Fig. 6b ). Next, we examined whether de novo expressed transcripts were associated with a TE. To this end, we queried whether a TE could be found within 1 kb of a new transcript's transcription start site in comparison to TE frequency within 10,000 randomly generated lists of size-matched transcripts. We generated the fold enrichment by comparing the frequency of association for a given transposon group between the random and observed (de novo-identified) transcripts (Fig. 6c,d) . IAPs by far had the greatest and most significant fold enrichment among the new weakly expressed transcripts observed in the Miwi2 −/− and Dnmt3l −/− spermatogonial transcriptomes. In summary, not only can IAPs deregulate annotated genes in reprogramming-defective spermatogonia, but they are also associated with the expression of weakly expressed transcripts.
Defective de novo DNA methylation is associated with transcriptome rewiring. Next, we wanted to explore the underlying cause of the deregulated gene expression in both the Miwi2 −/− and Dnmt3l −/− transcriptomes. Again, a common defect in both genotypes is defective methylation and expression of TEs. Activation of IAP elements as promoters in spermatogonia likely arises as a result of the defective de novo DNA methylation during germline reprogramming. To test this hypothesis, we performed whole-genome bisulfite sequencing (WGBS) on P14 Dnmt3l −/− spermatogonia and analyzed published datasets for wild-type and Miwi2 −/− P14 spermatogonia that were purified and sequenced also in biological triplicate using the same methodology ( Supplementary  Fig. 7 ) 40 . As anticipated, a genome-wide drastic reduction in CpG DNA methylation was observed in Dnmt3l −/− spermatogonia across all genomic classes, whereas Miwi2 deficiency affected methylation mostly at TEs, particularly at LINE1 and IAP elements ( Supplementary Fig. 7) . Given the repetitive nature of TEs, it can be difficult to obtain uniquely mapping reads that one can unambiguously assign to a transposon at a specific locus. We therefore decided to determine whether there was an association between the deregulated loci and the differentially methylated regions (DMRs) identified in WGBS of the respective genomes that were derived from uniquely mapping reads. The majority of deregulated genes (33/45) in Miwi2 −/− spermatogonia were located within a DMR ( Fig. 7a and Supplementary Dataset 4) . Likewise, a large fraction of de novo-identified weakly expressed transcripts were also associated with a DMR ( Fig. 7a and Supplementary Dataset 4) . To determine the significance of this enrichment, 10,000 randomly generated lists of size-matched transcripts were inspected to examine overlap with given DMRs. The test revealed a positive and significant correlation of the upregulated genes and de novo-identified upregulated transcripts with DMRs in Miwi2 −/− spermatogonia, with overlap occurring more often than expected by chance ( Fig. 7b ). Nearly all the deregulated genes and transcripts were associated with DMRs in Dnm3l −/− spermatogonia, given that the entire Dnm3l −/− spermatogonial genome was hypomethylated (Fig. 7c,d and Supplementary  Fig. 7) . Representative examples of DMRs associated with deregulated genes are shown in Fig. 7e in the Miwi2 −/− and Dnmt3l −/− genomes. In summary, defective de novo methylation is associated with the aberrant gene expression observed in the Miwi2 −/− and Dnmt3l −/− spermatogonial transcriptomes.
Discussion
Progressive loss of spermatogonia in Miwi2-deficient mice is a germ cell-autonomous defect 27, 32 . We demonstrate that, while MIWI2 is expressed in a subset of PLZF-positive undifferentiated spermatogonia in the adult testis, its function is not required for homeostatic or regenerative spermatogenesis. Thus, the spermatogonial dysfunction in Miwi2 −/− mice must be a consequence of defective reprogramming. Likewise, we demonstrate that DNMT3L is not detected in germ cells of the adult testis; thus, defective reprogramming must also underlie the loss of germ cells in Dnmt3l −/− mice. Our DNMT3L expression data are in contrast to those of Liao et al., who found that DNMT3L is expressed in postnatal testis 38 . Given that we do not find expression of DNMT3L protein and could only detect very low mRNA levels in undifferentiated spermatogonia, we think the discrepancy likely arises from antibody specificity in the other study. We found that, among ERVs, IAPs were specifically deregulated while LINE1 elements remained silent in the Miwi2 −/− and Dnmt3l −/− spermatogonial transcriptomes. While both IAP and LINE1 elements are dimethylated at lysine 9 of histone H3 (H3K9) by G9a (GLP) in spermatogonia 45, 52 , this repression is only sufficient to silence LINE1 elements 52 . This difference likely reflects that the long terminal repeat (LTR) of IAP elements contains a powerful promoter that can overcome G9a-mediated H3K9 dimethylation and that CpG DNA methylation is the principal mechanism by which IAPs are silenced in spermatogonia 52 . Interestingly, DNA damage is not detected in Miwi2 −/− or Dnmt3l −/− spermatogonia, which is in stark contrast to the abundant DNA damage observed in meiotic cells of the same genotype that manifest developmental arrest and apoptosis 22, 31, 32 . However, when LINE1 elements become derepressed in the absence of CpG DNA methylation, G9a-mediated H3K9me2 and a functional piRNA pathway, the ensuing DNA damage rapidly annihilates spermatogonial cells, with rapid loss of spermatogenesis 52 . Thus, the absence of DNA damage in Miwi2 −/− and Dnmt3l −/− spermatogonia indicates that another mechanism other than transposon-induced DNA damage must underpin the spermatogonial dysfunction. Instead, we find that derepressed IAP elements deregulate the Miwi2 −/− and Dnmt3l −/− spermatogonial transcriptomes by inappropriately promoting gene expression and expression of new transcripts at low levels. Similarly, LINE1 and ERV elements were recently shown to deregulate gene expression at the zygotene stage in reprogramming mutants, although this deregulation did not impede developmental progression 54 . ERVs have been shown to act as promoters or enhancers of gene expression in other contexts as well [55] [56] [57] [58] [59] [60] [61] . For example, MuERV-L was identified as one of the first genes expressed during zygotic gene activation in late 1-cell-stage embryos 56 . Moreover, ERV LTRs have been co-opted to activate genes associated with 2-cell-stage 57,58 or 8-cell-stage embryos 59 . Likewise, ERVs have been shown to act as species-specific enhancers in the placenta 60 .
In the examples presented above, the genome is hypomethylated, facilitating the cooption of ERVs for the regulation of gene expression [62] [63] [64] [65] . This said, repressive mechanisms are in place to restrict ERV expression during preimplantation development. The lysine-specific demethylase LSD1 (KDM1A) and the TRIM28a (KAP1)-SETDB1 complex silence MuERV-L and MusD, IAP ERVs, respectively, during early embryonic development [66] [67] [68] . Lsd1 −/− mice arrest at gastrulation, with MuERV-L LTRs acting as promoters to drive expression of genes that are normally restricted to zygotic genome activation 66 . Loss of Trim28 or Setdb1 also results in early developmental arrest, with the expression of IAPs deregulating neighboring gene expression [69] [70] [71] [72] . Indeed, Trim28-or Setdb1-deficient mouse embryonic stem cells (mESCs) manifest proliferation and differentiation defects accompanied by reduced viability 67, 68, 73 . The aberrant gene expression in Miwi2 −/− and Dnmt3l −/− cells encompasses not only annotated genes but also the appearance of numerous de novo IAP-associated transcripts. The affected loci in the reprogramming mutants are typically weakly expressed or not expressed in wildtype spermatogonia. We posit that the appearance of these genes and transcripts that are not normally expressed could be the basis for spermatogonial dysfunction. The deregulation of gene expression is more severe in Dnmt3l −/− than in Miwi2 −/− spermatogonia, which correlates with the more severe spermatogonial phenotype observed in Dnmt3l −/− mice. The observed transcriptomic deregulation in undifferentiated spermatogonia could affect basic spermatogonial stem cell properties such as balanced self-renewal, cell cycle quiescence or survival, which would ultimately lead to germ cell depletion. Indeed, a reduction in the overall numbers of undifferentiated spermatogonia that encompass the stem and primitive transit-amplifying spermatogenic populations is observed in the reprogramming mutants, coupled with loss of spermatogonial cell cycle quiescence. Given that loss of quiescence in other stem cells such as hematopoietic, neural or hair follicle stem cells has been associated with depletion of the stem cell pool, perturbing tissue homeostasis [74] [75] [76] [77] , this may be an important contributing factor to germ cell depletion in the respective reprogramming mutants. In summary, here we show that defective germline reprogramming results in spermatogonial dysfunction and IAP-driven deregulation of the spermatogonial transcriptome.
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